drocarbon formation, providing a chemical link to the carriers of the unidentified infrared bands.
The mid-infrared spectra, roughly from 3 to 20 µm, of the interstellar medium (ISM) and photodissociation regions (PDRs) in both our Galaxy (1) and external galaxies (2) are dominated by emission features commonly referred to as the unidentified infrared (UIR) bands. Due to the close agreement of prominent UIR features with the characteristic vibrational frequencies of aromatic C-C and C-H bonds, it is now widely accepted that polycyclic aromatic hydrocarbons (PAHs), and fullerenes like the recently detected C + 60 molecule (3), and their closely related derivatives, are probably the carriers responsible for most of these features (4) . A substantial fraction of interstellar carbon is calculated to be in the form of PAHs (∼10%; (5)), yet the origin of these aromatic species is a topic of considerable debate. In the diffuse ISM and PDR regions, where 30-60% of the carbon is locked up in dust grains (6) , top-down models of PAH formation -through the destruction of dust grains by the harsh radiation environment, shock waves, or both -may be viable pathways (7) . In denser molecular clouds which are not subject to the ultraviolet radiation and which haven't been subject to shocks, other pathways must exist to synthesize these species from smaller precursor molecules.
Despite the widespread acceptance of PAHs as a common class of interstellar molecules, no specific PAH has been identified in the ISM, either by rotational spectroscopy or by observations of its infrared features, despite long and sustained efforts (8) . In the microwave and (sub-)millimeter regimes, while some laboratory data do exist (9) , such studies are relatively uncommon. Many PAHs are poor candidates for detection through radio astronomy, both because of unfavorably large rotational partition functions and because they are either apolar or weakly polar, and thus lack sufficiently intense rotational lines (compared to linear molecules of similar composition and size). A notable exception is corrannulene (C 20 H 10 ), a bowl-shaped molecule with a relatively large permanent dipole moment (2.07 Debye (D); (10) ), but astro-c y c l o p r o p y l c y a n i d e f u r a n p y r i d i n e p h e n o l a n i s o l e b e n z a l d e h y d e a z u l e n e f l u o r e n e a c e n a p h t h e n e a c e n a p h t h y l e n e b e n z o n i t r i l e p y r r o l e Figure 1 . Composite averages of molecules toward TMC-1. Velocity-stacked composite averages of all transitions of a given molecule with upper state energy (E U ) < 70 K constructed from the entire survey (8.8-50 GHz) of TMC-1 (13) . The channel spacing is 20 kHz. If a molecule is present, signal in antenna temperature (T * A ) would be expected at channel 0. A detectable signal was only present for benzonitrile (red).
nomical searches for that molecule have been unsuccessful as well (11) . In the infrared, while a concerted effort has been undertaken to catalog both laboratory and theoretical vibrational and Raman spectra of PAHs (12) , the structural similarities among individual species result in spectra that are often indistinguishable at the modest resolving power that can routinely be achieved by astronomical observations; as a result, aggregate spectra consisting of many PAHs are invoked to reproduce astronomical features (4) .
For these reasons, many attempts to understand the chemistry of PAHs have focused on the possible formation pathways which proceed through more readily detectable molecules. Much effort has been centered on modeling the formation of small five-and six-membered aromatic rings, and their subsequent reactions with smaller hydrocarbons and nitrogen species to produce PAHs and polycyclic aromatic nitrogen heterocycles (PANHs; (14) ). To date, the only interstellar detection of a five or six-membered aromatic ring is benzene (C 6 H 6 ), through the observation of a single weak absorption feature arising from its ν 4 bending mode near 14.85 µm in a handful of sources (15) (16) (17) (18) . The lack of a permanent dipole moment, however, precludes the identification of benzene via its rotational transitions.
In this study, we searched for a number of simple aromatic molecules, including several PA(N)Hs and nitriles (R-C≡N), a class of molecules believed to give rise to a common UIR feature at 6.2 µm (19). The astronomical source targeted in these observations was the cold core Taurus Molecular Cloud 1 (TMC-1), which has long been known to display a rich chemistry dominated by unsaturated carbon-chain molecules such as the cyanopolyynes (HC n N; n = odd) (e.g. (13, (20) (21) (22) ). The initial search was performed by construction of velocitystacked composite-average spectra of twelve target molecules ( Figure 1 ; (23)) using existing survey data taken with the Nobeyama 45 m telescope (13) . This method enhances the signalto-noise ratio (SNR) of a potential molecular detection by averaging the signal from multiple transitions of a molecule in velocity space. These composite averages are effective preliminary indicators of a molecule in a source such as TMC-1, where spectral features are narrow (0.3-0.5 km s −1 ), the line density is relatively low (∼1 line per 200 km s −1 ), and the molecules occupy a narrow range in local standard of rest (LSR) velocity (v lsr = 5.5-5.9 km s −1 ) (13). As shown in Figure 1 , the composite spectra show highly suggestive evidence for benzonitrile in this source. Nevertheless, the observation of individual transitions is required to establish a firm detection, and to enable the robust determination of the molecular abundance. The sensitivity and spectral resolution of the existing survey observations, however, were insufficient for that task.
We performed observations with the 100 m Robert C. Byrd Green Bank Telescope to con-firm the detection of benzonitrile, by observing nine of its individual rotational transitions, using deep integrations at high spectral resolution. Because the spectral features of other molecules in TMC-1 are so narrow, 14 N nuclear hyperfine structure is expected to be partially resolved in benzonitrile's lower rotational transitions. Existing spectral catalogs for benzonitrile in public databases did not contain hyperfine-splitting frequencies, and existing laboratory work at high resolution was limited to measurements below 11 GHz (24) . For these reasons, additional transitions of benzonitrile were measured in the laboratory at high resolution between 7 and 29 GHz to ensure the astronomical data could be interpreted (25) .
Molecules in TMC-1 are typically well-described by a single excitation temperature between 5 and 10 K (21, 22) . Under these conditions, the strongest benzonitrile transitions fall between 20 and 40 GHz. A total of 1.875 GHz of bandwidth was covered to high sensitivity (T * A = 2 -5 mK) between 18 -23 GHz. In this range, eight of the nine strongest predicted rotational transitions were observed, each with a SNR ≥ 3 (Fig. 2 ). For six of these, characteristic 14 N nuclear hyperfine splitting is partially or fully resolved for one or more components (Table 1) . The emission features are best described by a v lsr = 5.83 km s −1 , a typical velocity for molecules in this source (13) . All other strong transitions between 18 and 23 GHz fell into gaps in the spectral coverage, or in regions where insufficient noise levels were achieved. Taken together, these findings establish the presence of benzonitrile in TMC-1.
A joint analysis of all the lines yields a total column density N T = 4 × 10 11 cm −2 (25), about twenty times less that of HC 7 N (1.1 × 10 13 cm −2 ; (21)), an unsaturated linear cyanopolyyne with the same carbon and nitrogen composition as benzonitrile, in the same source. Because the upper state energies of the observed transitions span only a narrow energy range (3.6 to 5.7 K), the excitation temperature could not be constrained from these observations. Our analysis therefore assumed T ex = 7 K, in the middle of the range of 5-10 K, derived from other molecules in this source (21, 22) . We also constrained the linewidth to 0.4 km s −1 , based on the three fully-resolved hyperfine components. Although these components are some of the lowest SNR features, and our data are limited by the resolution of the observations (0.08 km s −1 ), this linewidth is consistent with that seen previously for other molecules in this source (13) .
Simulated spectra under these conditions are shown in Fig. 2 , and are in agreement with the observations.
The pathways leading to the formation of benzonitrile at low temperature and in low density environments have not been studied in detail. Perhaps the only promising astrochemicallyrelevant formation pathway discussed in the literature is the neutral-neutral reaction
This barrierless, exothermic reaction has been considered previously (26, 27) . In an effort to determine the contribution of Reaction 1 to the observed abundance of benzonitrile in TMC-1, we have modified the Kinetic Database for Astrochemistry (KIDA) gas-phase reaction network (28) to include this reaction, as well as destruction pathways from photons, ions, and depletion onto grains (25) . This network was then combined with the NAUTILUS-1.1 modeling code (29) assuming elemental abundances and physical conditions appropriate for TMC-1 (30) . A number of additional gas-phase formation routes for the precursor benzene were also considered, and included in the modified network (25 2 ), observed intensities (∆T * A ), and signal-to-noise ratio of detected benzonitrile transitions. Statistical uncertainties (1σ), derived from the best-fitting constants in (25) are given in parentheses in units of the last significant digit.
Signal-to-Noise 7 0,7 − 6 0, 6 6 − 5 18409.3490 (2) (25) . b Indicates blended hyperfine components; ∆T * A is the peak value of the observed feature. both that are not considered in our model. For instance, experiments have found that benzene can be formed in electron-irradiated acetylene ices (32) . In astrochemical models, the addition of cosmic ray driven irradiation chemistry in the solid phase has been found to improve agreement between observational and theoretical abundances for other large interstellar molecules (33) , although for such grain-surface processes to contribute to gas-phase abundances there must exist efficient non-thermal desorption mechanisms. Recent theoretical and experimental work suggests that interactions between cosmic rays and grain surfaces could result in the liberation of solid-phase species into the gas phase via processes that are viable in cold cores such as TMC-1 (34).
Benzene is also known to be produced in irradiated acetylene gas (35) . Radiation chemistry differs from photochemistry in a number of ways (36) and may be a viable formation pathway for aromatic and PAH molecules as a result of their increased photostability (relative to simpler organics (37)). However, there is insufficient theoretical and experimental work to include such pathways in our model. Previous work also suggests a possible connection between benzonitrile and the cyanopolyynes (21) . That work showed a sharp decrease in the calculated abundance of HC 11 N relative to the abundance trend of the n(odd) = 3 − 9 cyanopolyynes, possibly due to cyclization processes for HC n N molecules which could eventually lead to functionalized aromatics such as benzonitrile.
We also consider the possibility that benzonitrile itself may be a contributor to the UIR bands. The vibrational spectrum of benzonitrile has been studied in the infrared, both experimentally (38) and theoretically (39) , but it does not appear in spectral databases (12) , and it is not commonly considered as a potential UIR carrier. Nevertheless, the interstellar IR emission features at 3.3 µm (C-H aromatic stretch) and 4.48 µm (C≡N stretch) are both in agreement with very strong IR modes of benzonitrile (39), thus making it a potential carrier in its own right, as well as a likely precursor to polyaromatic species.
In summary, we have detected the aromatic molecule benzonitrile in TMC-1, using radio astronomy to probe this class of molecules. These species may be either direct contributors to the UIR bands, or precursors to the carriers themselves. Tables S1, S2 years from 1984 -1997, and are described in detail in (13) . The RMS noise varied across the survey, but was typically ∼10 mK in 20 kHz channels.
Column Density Calculations
The overall data analysis procedure follows the general methodology used in previous observations (20, 44) . The column density was determined using the formalism of (45):
where N T is the column density (cm −2 ), E u is the upper state energy (K), ∆T A ∆V is integrated line intensity (K cm s −1 ), T ex is the excitation temperature (K), T bg is the background continuum temperature (2.7 K), ν the transition frequency (Hz), S ij is the intrinsic line strength, µ 2 is the transition dipole moment (Debye), and η B is the beam efficiency (∼0.92 for the GBT at 20
GHz). An additional factor of g I has been added to correct for the spin statistical weights (see below). The partition function, Q, is discussed in detail below. We assume that the source fills the beam (see (21)). The column density was calculated using the highest SNR transition that was at least partially hyperfine-resolved, the F = 6-5 and 8-7 components of the 7 2,5 − 6 2,4 transition; the value matches the observed spectra quite well by visual inspection, and certainly within the uncertainties. An alternative formulation of Equation S1, along with a detailed description of the derivations, is given in Mangum & Shirley (46) .
Partition Functions
The total partition function Q is given by Q = Q vib × Q rot . The rotational partition function, Q rot , is calculated explicitly by direct summation of states using Equation S2 (c.f. (47);
. Here, σ = 1 for an asymmetric molecule.
The value of g I is found following the definition (47) as given in Equation S3
.
Here, g nuclear arises from the combining the two sets of equivalent nuclei which result in an overall symmetry or asymmetry. The symmetric and asymmetric (K = even and K = odd)
values and the nuclear spin weights are calculated in the final line for benzonitrile (I 1 = I 2 = 1 2 ) using (47) .
To solve for g I , g nuclear must be divided by g n given by Equation S6, which for benzonitrile is 16. Thus, the final values for g I requires division by (2I + 1) 4 . That makes g I,even = 5/8 and
We have calculated the energies of the vibrational states of benzonitrile at the WB97XD/6-311++G(d,p) level of theory and basis set to determine their possible contribution to the overall partition function at these temperatures. The vibrational contribution is given by Equation S7.
The lowest energy levels are at 162 cm −1 (233 K) and 184 cm −1 (265 K). At these temperatures, the vibrational contribution to the partition function is less than 10 −14 . Indeed, the vibrational partition function does not contribute at the 1% level until T ex ∼38 K.
Uncertainties
We estimate an overall uncertainty of 40% in the derived column density for benzonitrile. This is based on a number of contributing factors, enumerated below, and added in quadrature: We further note that the uncertainties given in Table 1 are the purely-statistical 1σ standard deviation uncertainty in the Gaussian fitting routine used to determine the peak value of T * A (∼5-10% as noted above). The SNR is then calculated by simply dividing this peak value by the RMS of the data in that region. The actual uncertainty in the peak is significantly higher, due to the other contributions noted above.
Residuals and Goodness of Fit
The residuals for the nine detected transitions are shown in Figure S1 , and are consistent with the baseline noise level of the observations in each window. Figure S2 shows the comparison of the model spectra to the observed spectra on a zoomed-in scale to show greater detail for the four transitions with a well-resolved hyperfine component. 
Composite Averages
The process of building a composite average (CA) used in this work consists of the following steps: 2. A single excitation temperature is assumed (7 K in the case of TMC-1) and the strongest predicted line with observational coverage is set as the reference line.
3. Each elementary spectrum is multiplied by the ratio of the brightness temperatures of the given transition relative to that of the reference line. As a result, the brightness temperatures of all lines are normalized, while the RMS noise of the elementary spectra (except for the reference spectrum) increases.
4. Finally, the elementary spectra are averaged together using weights inversely proportional to their RMS noise levels, and the final CA is obtained.
Benzene Formation Chemistry
A number of formation pathways have been proposed for the key precursor species, benzene, in interstellar regions. One of the first is the dissociative recombination reaction (48):
which is the main formation route for benzene in the KIDA network. Another production pathway that could occur under interstellar conditions is the neutral-neutral reaction between the ethynyl radical and 1,3-butadiene (49):
This reaction satisfies the typical requirement for gas-phase chemistry in cold cores such as TMC-1 since it is thought to be barrierless, exothermic, and can occur on a single-collision basis. Given those characteristics which are ideal for interstellar gas-phase chemistry, we have added this reaction, with a rate coefficient of ∼3 × 10 −10 cm 3 s −1 (c.f. (49)), to our modified version of the KIDA 2014 reaction network (28) to which we have previously added reactions of the HC n O (n = 3 − 7) family of molecules (20) .
There is another formation route for benzene that has been previously studied in the context of combustion chemistry (50, 51) involving the reaction between two propargyl radicals:
Here, the benzene is produced in an unstable excited state and will dissociate into atomic hydrogen and the phenyl radical unless it is stabilized radiatively or via collision with a third-body.
However, three-body collisions in molecular clouds occur on timescales greater than the lifetime of the cloud (52) . Moreover the rate coefficient for the radiative stabilization of the C 6 H 6 product is estimated to be several orders of magnitude slower than its dissociation rate coefficient (49) . Thus, reaction (S10) is unlikely to contribute to the abundance of benzene in a cold core such as TMC-1.
Laboratory Measurements of Benzonitrile, Spectroscopic Constants, and Comparisons to Previous Work
Benzonitrile is a closed-shell asymmetric top moderately close the prolate limit [Ray's Asym- Including hyperfine-splitting, nearly 150 lines of benzonitrile originating from more than 30 rotational transitions (Table S1 ) have been measured between 7 and 29 GHz by FT microwave spectroscopy in a Fabry-Perot cavity (56, 57) . This data set includes transitions up to J = 11
and K a = 6. Because benzonitrile has a substantial vapor pressure at standard temperature and pressure (191 mm Hg), it was possible to entrain and heavily dilute its vapor in a neon buffer gas, and then adiabatically expand this gas mixture using a pulsed value through a small hole in one of the two Fabry-Perot cavity mirrors. As the gas expands into the vacuum chamber the rotational temperature drops rapidly, to a few degrees K near the beam waist of the cavity.
Linewidths are sharp in this arrangement, about 5 kHz FWHM for closed-shell molecules like benzonitrile. By applying a short microwave pulse as the gas passes through the beam waist, and then monitoring the resulting free induction decay (FID), it is possible to detect faint signals using a sensitive microwave receiver. For high resolution measurements such as these, the FID was sampled every 500 nsec for approximately 2000 µs, equivalent to a spacing of 1 kHz in the frequency domain. Rest frequencies were determined by adding the small frequency offset (<1 MHz) of the Doppler doublet to the synthesizer (pump) frequency, which was locked to a highly stable (< 5 × 10 −9 ) Rb frequency standard. The frequency offset was derived using a least-squares fitting procedure which takes into account both Doppler components. When comparison is possible, rest frequencies derived from this work and Ref. (24) agree to within 1 kHz. Table S3 provides a comparison of the newly-derived spectroscopic constants, derived using the SPFIT/SPCAT suite of programs (58), using a Watson-A Hamiltonian in the I r representation, with those of Ref. (24), and as well as those determined using a global fit which combines the two sets of high-resolution FT microwave measurements. As indicated in Table S4 , differences in the two sets of constants are not statistically significant: seven of the eight constants in Ref. (24) agree to within 0.7σ (0.7 standard deviations) to the newly derived ones, and the eighth, a hyperfine-splitting constant χ aa (N), only differs by 1.7σ. Because the new data includes transitions between higher J and K a levels, however, the A rotational constant is roughly 10 times more precise, and the precision of the five quartic centrifugal distortion constants has been improved likewise, by factors of 2-8 compared to those reported in Ref. (24) (Table S4) ; the low fit RMS error (1.2 kHz) and weighted average (0.62) both indicate that no additional hyperfine or centrifugal terms are required. Despite the large number of additional transitions measured, benzonitrile appears to be a fairly rigid molecule, as its cm-wave rotational spectrum is still well described by a Hamiltonian which includes only quartic centrifugal distortion
terms. An improved set of spectroscopic constants for benzonitrile is obtained by including several low-J transitions in Ref. (24) with our data set. Although doing so has little or no effect on the higher-frequency lines of astronomical interest, it does improve the precision of the two nitrogen quadrupole coupling constants by nearly a factor of two (see Table S5 ).
On the basis of the new laboratory measurements, hyperfine-split rotational transitions of benzonitrile can be predicted to better than 2 kHz, or 0.1 km s −1 below 30 GHz. The formal statistical uncertainty of rest frequencies predicted from the best-fitting constants in Table S1 is only a few 0.1 kHz, or about 0.02 km s −1 below 30 GHz. This level of accuracy and precision is sufficient to predict closely-spaced hyperfine structure, and more than adequate for cold, quiescent sources such as TMC-1, which is characterized by sharp spectral features, often comparable to those routinely resolved at high resolution in the laboratory using supersonic jet sources. Table S1 . Laboratory measurements of hyperfine-split rotational transitions of ground state of benzonitrile. Estimated experimental uncertainties (1σ) are in units of the last significant digit. Calculated frequencies were derived from the best-fit constants listed under 'This Work' in Table S3 . The best-fitting spectroscopic constants for benzonitrile are reported in Table S3 . A, B, and C are rotational constants, ∆ J , ∆ JK , ∆ K , δ J , and δ K are centrifugal distortion constants, and χ aa (N) and χ bb (N) are nuclear hyperfine coupling constants. Table S3 . Benzonitrile spectroscopic constants. Best-fitting spectroscopic constants for the ground state of benzonitrile derived from the laboratory measurements in Table S1 . Uncertainties (1σ) are given in parentheses are in units of the last significant digit. The global constants are derived from a combination of the low-frequency FT microwave measurements reported in (24) and those in Table S1 .
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Ref. (24 Table S4 . Constants comparisons. Comparison of best-fitting spectroscopic constants and associated uncertainties of this work relative to that of (24) . ∆ is the difference in the bestfit value from (24) compared to this work, divided by its uncertainty (σ) from (24) . The final column is the ratio of the uncertainty (σ) from (24) relative to that derived from this work (Table S3 ). Ratios greater than 1 indicate improved precision for that constant in the new study.
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